Purpose-An assessment of the retinal nerve fiber layer (RNFL) provides important information on the health of the optic nerve. There are several non-invasive technologies, including spectral domain optical coherence tomography (SD-OCT), that can be used for in vivo imaging and quantification of the RNFL, but often there is disagreement in RNFL thickness between clinical instruments. The purpose of this study was to investigate the influence of scan centration, ocular magnification and segmentation on the degree of agreement of RNFL thickness measures by two SD-OCT instruments.
Across SD-OCT instruments, there are two strategies for acquiring B-scans for RNFL analysis. The more common methodology involves sampling from a circular scan path centered on the optic nerve. Alternatively, with scan speeds achieved by most SD-OCT technology, volumetric data, centered on the optic nerve head, can be acquired and circular scan data interpolated to produce OCT B-scans that correspond to a 12 degree diameter circular scan path. 16, [27] [28] [29] The two methodologies produce TSNIT measures and either can be used with real-time or offline image registration for signal averaging to improve signalto-noise ratios for improved retinal layer segmentation. For example, while the Cirrus HD-OCT (Carl Zeiss Meditec Inc, Dublin, CA) interpolates scans from volumetric data centered on the optic nerve, the Spectralis SD-OCT (Heidelberg Engineering, Heidelberg, Germany) uses a circular scan path to capture RNFL B-scans. Although RNFL thickness measures from both these instruments are correlated, significant differences have been reported for global and quadrant thicknesses. 21, 26 The most notable difference comparing these two techniques has been in the nasal quadrant for which the agreement has a significant linear relationship (slope = 0.7, intercept = −42.13 µm). 21 In addition to the technology of image acquisition, other factors such as axial length, size and shape of the optic nerve head, age, and non-neuronal content, should be considered in evaluating global (average) or quadrant measures of RNFL thickness. [29] [30] [31] [32] [33] Specifically, RNFL thickness measures are thinner in eyes that are older, longer and have a smaller optic nerve size. It is well established that thickness changes that occur with age are a reflection of the associated loss of retinal ganglion cells, corresponding to between 0.3 and 0.6% loss/ year. [34] [35] [36] [37] [38] The relationship of RNFL thickness and axial length has been attributed to ocular magnification, and the location of the scan path and, after compensation for ocular magnification, cross sectional area measures of the RNFL are not related to axial length. 29, 31, 39, 40 Both histological and in-vivo studies in human and non-primates suggest a relationship between optic nerve head size and total axonal content within the optic nerve. [41] [42] [43] The RNFL also has significant non-neuronal components, including glial and vascular tissue (Mardin, CY, et al. IOVS 2009;50,ARVO E-abstract 3333). 44, 45 In addition, with glaucomatous disease progression, an increase in glial tissue and decrease in vascular components have been noted (Wheat, JL, et al. IOVS 2009; 50 ,ARVO E-abstract 5826). [46] [47] [48] Thus, there are many biometric and biological factors that need to be included in assessing OCT measurements of RNFL thickness, especially for management of clinical patients.
As OCT technology evolves, for RNFL measures to be used as a diagnostic tool in optic neuropathy diagnosis and management, it is essential that measures can be compared across instruments. This is especially true for chronic conditions such as glaucoma where both neuronal and non-neuronal changes take place over several years. The present investigation was undertaken to address these discrepancies by comparing RNFL thickness measures acquired using two SD-OCT instruments that use different methodologies to capture the 12 degree circular TSNIT scan. The influence of segmentation, ocular biometry and the major retinal vessel content to RNFL thickness measures using both technologies was investigated. Some of the results of these studies have been presented briefly elsewhere (Patel, NB, et al. IOVS 2011;52,ARVO E-abstract 173).
METHODS AND MATERIALS

Subjects
Fifty healthy subjects, 21-68 yrs of age, with no prior history of ocular pathology were recruited for this study. All subjects were patients, students or staff at the University of Houston, University Eye Institute. The study adhered to the tenets of the Declaration of Helsinki, and all aspects of the study were reviewed by the committee for protection of human subjects at the University of Houston. Informed consent was obtained from all subjects.
Prior to enrollment, subjects were screened using visual acuity, standard automated perimetry 24-2 visual fields, intraocular pressure measures, slit lamp examination and dilated fundus evaluation to ensure good ocular health. One randomly selected eye from each subject was used for data analysis. Of these, five eyes that had either undocumented pathology or excessive eye movements during SD-OCT scanning were excluded from data analysis.
Optical Coherence Tomography
SD-OCT scans were acquired from subjects at least 30 minutes after pupils were dilated with 1% tropicamide and 2.5% phenylephrine. Three scan patterns/protocols were used to acquire high resolution scans using the Spectralis HRA+OCT (Heidelberg Engineering, Heidelberg, Germany, Software version 5.1.3) that included; 1) 12 radial scans centered on the optic nerve head, 2) a 12 degree circular scan centered on the optic nerve head, and 3) a 49 line raster scan, 20×20 centered on the fovea. For noise reduction, B-scan averaging was set at 16 frames for all scan protocols. Scans were repeated if image overlap was noted as frames were being averaged or if the scan had excessive noise, determined as an image quality of < 20 dB. A maximum of three attempts were made to obtain good scans when needed. The unaltered scan data were exported in raw (.vol) files, for analysis using custom MATLAB (The Mathworks, Inc., Natwick, MA) programs.
Two scan protocols using the Cirrus HD-OCT (Carl Zeiss Meditec Inc, Dublin, CA, Software version 5.0.0) scans were acquired on all subjects; 1) the high resolution macular cube scan centered on the fovea, and 2) 200×200 A-scans centered on the optic nerve. Scans were repeated if motion was detectable on the en face reflectance image or when the scan quality was < 8/10. A maximum of three attempts were made to obtain good scans when needed. The scan data were exported as raw (.dat, .bin, .img, .txt) files using the Carl Zeiss Meditec Research Browser (version 5.0.0.326).
Ocular Biometry and Scaling
Axial lengths, corneal curvatures, and anterior chamber depths were measured using the IOL Master (Carl Zeiss Meditec, Inc., Dublin, CA). Transverse scaling for each eye was computed using a three surface schematic eye, using methods described by Bennett and Rabbetts. [49] [50] [51] Lens parameters including lens thickness and curvature were interpolated from normative data. 52 Refractive indices of the ocular components were determined using a wavelength of 855 nm, corresponding to the mean of the central wavelengths for the Cirrus (840 nm) and Spectralis (870 nm) OCT sources. 53, 54 The constructed schematic eyes were used to compute the transverse scaling at the retina assuming a spherical retina as previously described. 29 Transverse scaling was used to compute the circumference of the scan path, which was then used to compute the RNFL estimated integral or area. 29, 40 
Instrument Algorithm Based RNFL Analysis
The raw data exports from the Cirrus and Spectralis SD-OCT RNFL scans were used to determine the global, quadrant and sector thickness data. The first 30 degree sector was centered on the temporal quadrant and subsequent sectors were numbered in a clockwise manner referenced to the left eye (Fig 4C) . Along with Bland-Altman plots, intraclass correlation coefficient (ICC) and paired t-tests were used to assess agreement between thickness measures from the two instruments. The influence of scan centration was investigated using the raw export data from the Cirrus HD-OCT that contained RNFL segmentation data for the entire 200×200 A-scan region. To investigate the influence of scan alignment using Cirrus HD-OCT data, custom MATLAB programs were used to interpolate RNFL thickness profiles for scans displaced up to 500 µm from the center of the nerve. The mean change, in global RNFL thickness from these interpolations, for all subjects in this study is illustrated in figure 1 , and follows systematic trends previously noted. 15, 16, 55 To evaluate the influence of scan path differences on sector and global thickness differences, RNFL scans with identical locations were compared. This was achieved by aligning the two scans, and interpolating RNFL scans from the RNFL thickness map from the Cirrus data that were identical to that of the Spectralis RNFL scan path. The Cirrus fundus image used for registration was constructed from the volume data where the pixel intensity for each A-scan from the 200×200 scanned region was averaged to create a 2D image (Fig 2B) . This reflectance image was registered to the infrared scanning laser ophthalmoscope (SLO) image from the Spectralis scan using a generalized dual bootstrap iterative closest point algorithm (i2k retina, DualAlign LLC, Clifton, NY). 56 The scan path, extracted from the Spectralis raw data export, was mirrored on the Cirrus reflectance image and used to determine the RNFL thickness as quantified by the instrument's algorithm (Fig 2E) . In addition, the aligned images were used to determine the differences in ocular magnification, which was calculated as the square root of pixel content ratio between the two fundus images, assuming a scan angle of 30 degree for the Spectralis and 20 degrees for the Cirrus (Eq 1).
Custom RNFL Torsional Alignment
All SD-OCT instruments have chin and forehead rests, which allow horizontal and vertical eye alignment, but not torsional alignment. Previous studies have shown that significant cyclotorsional eye movements occur during fixation, especially with reduced visual stimuli as occurs during OCT imaging. 57, 58 Torsional eye movements can influence quadrant and sector RNFL thickness measures and identification of thinning, especially with respect to the normative TSNIT plot. Although the Spectralis software aligns RNFL scans to the macula, it is highly dependent on; 1) accurate centration of the scan and, 2) accurate fixation by the patient when scan aquisition and averaging is started. Hence, alignment using anatomical landmarks may provide for better accuracy and repeatability.
Torsional eye position was compensated for by aligning the center of the optic nerve to the foveal pit for each subject. The center of the fovea was identified as the thinnest region within the raster scan of the macular region. This center was refined by fitting the thickness profile of the pit region with best fit circles from 30-75% of the pit height and using the geometric mean of these as the refined pit center (Patel, NB, et al. IOVS 2009;50,ARVO Eabstract 6207). The neural canal opening (NCO) was manually identified using radial scans through the optic nerve. The NCO was fit with an ellipse, which was used to determine the center of the optic nerve. 29, 59 The SLO images for the scans centered on the optic nerve and on the macula were registered using the i2k Retina software. All RNFL scans were subsequently referenced to the line fit between the centers of the fovea and optic nerve as illustrated in figure 3 .
Custom RNFL Segmentation
The standard Cirrus 12 degree circular scan used for RNFL thickness analysis consist of 512 A-scans interpolated from a 200×200 A-scan volume, spanning a nominal region of 20×20 degrees. In contrast, the Spectralis, high resolution 12 degree circular scan, consists of 1536 A-scans acquired in a circular path. In addition, the scan depth of the Cirrus is up to 2 mm, whereas the maximum depth for Spectralis images is 1.92 mm. To match the scans, using the image registered data, the Cirrus volume scans were interpolated to obtain 1536 A-scans and cropped to a maximum height measuring 1.92 mm, to match the same locations obtained for Spectralis circular scans.
A custom MATLAB program identified the inner limiting membrane and junction between the RNFL and ganglion cell layer. To enhance layer visibility, images were first de-noised using an haar two dimensional stationary wavelet, and convolved with a Gaussian filter with a standard deviation of 4. Signal intensity profiles for each A-scan were then used to identify the RNFL, as previously described. 29 Errors in segmentation, that were most common around retinal vessels, were corrected manually. To reduce bias, a total of 4 RNFL scans from the Cirrus, with different scan centers, were segmented and analyzed by the user who was unaware of which scan was from the registered scan path.
The RNFL B-scan from the Spectralis is an averaged image for up to 16 B-scans. The time taken to capture these scans often spans several diastolic and systolic phases. If retinal vessels change significantly in size during these phases, the non-neuronal retinal vessel content within the RNFL would be different between averaged and non-averaged scans. To account for the retinal vasculature, B-scans were first scaled to a 1:1 aspect ratio using the computed transverse scaling from the 3 surface schematic eye. The borders of the shadows cast by the retinal vasculature were identified and marked. The center of each vessel within the retinal tissue was then manually identified. The thickness of the RNFL within the circular region marked by the vessel center and shadow borders was subtracted from the total thickness and determined as the RNFL vascular contribution (Fig. 4) . The RNFL area for each A-scan was computed as the RNFL thickness multiplied by its width. The average RNFL thickness and sum of RNFL areas, with and without retinal vasculature, for the 1536 A-scans were used for data analysis.
RESULTS
RNFL Thickness -Instrument Algorithm
For the 45 eyes included in the data analysis, the average image quality for RNFL scans was 30.6 ± 4.93 and 9.0 ± 0.82 for the Spectralis and Cirrus scans, respectively. The average RNFL global thickness measurement was 97.9 ± 7.9 µm for the Spectralis and 91.2 ± 8.4 µm for the Cirrus. The agreement of RNFL measures using each of the two instruments was assessed using Bland-Altman plots, the intraclass correlation coefficient (ICC) and paired ttests. Bland-Altman plots provide a graphical method for comparing the two methodologies. The mean difference, and 95% limits of agreement can be used to assess if the difference between two methodologies are clinically acceptable. 60 The intraclass correlation coefficient (ICC) is a measure of reliability, calculated by comparing the between-subject variances to overall variance. In general, agreement is considered good, when the within subject variance is a third of the between-subject variance (ICC ≥ 0.75) represent good agreement between measures. 61 Paired t-tests were also used to test the hypothesis that the difference in RNFL thickness measures from the two instruments is zero.
Based on these statistics, there was overall poor agreement of RNFL thickness between the two instruments, with the least agreement for the nasal quadrant (Table 1) . Similarly, BlandAltman plots (Fig. 5 ) indicate significant thickness differences in all quadrants, along with a systematic discrepancy for nasal quadrant thicknesses (slope = 0.51, intercept = −27.19, R 2 = 0.34, p <0.01). In addition, the standard deviation of thickness differences for each quadrant, except for the temporal quadrant was at least half the standard deviation for thickness measured from each instrument.
Scan Alignment
Various methods are used to center the RNFL scan on the optic nerve. For example, the Spectralis relies on the user to visually center the scan on the optic nerve. A circular guide, the size of an average optic nerve, is projected on the real time SLO image to aid in centering. In addition, when an internal nasal fixation target is used, the scan is referenced to the center of the optic nerve and fixation. Alternatively, the Cirrus obtains a 200×200 volume scan of the optic nerve and an automated process is used to determine the geometric center of the optic nerve head after the rim margin has been identified. The RNFL scan is interpolated from the volumetric data at a fixed distance from the center of the optic nerve head. These volumetric data can also be used to investigate the effect of scan alignment, which for the eyes included in this study, resulted in an average maximum change in thickness of 14.8 ± 5.3 µm (Fig. 1) for misalignments of the scan by up to 500 µm.
The SLO fundus image from the Spectralis and reflectance fundus image from the Cirrus were successfully registered for all the subjects using a generalized dual bootstrap iterative closest point image registration algorithm. 56 The difference in scan center location between the two instruments, using the registered images, was 117.7 ± 70.2 µm. Realignment of the Cirrus scan to match that of the Spectralis had a minimal effect on the thickness differences (Table 2 ). In addition, using the modeled average thickness data from varying scan alignment (Fig. 1) , the differences in scan location measured, was predicted to account for only 0.45 ± 0.4 µm of the thickness differences.
Along with horizontal and vertical misalignments, torsional differences between the fundus images from the two instruments were also evident. The TSNIT thickness plots were shifted according to the average angular difference between the two images. To realize the greatest match, the plots were also shifted to the point with the highest cross correlation. The average rotational difference, using these methods, was 6.4 ± 3.8 degrees. Realignment using all three dimensions improved the ICC for each quadrant ( Table 2) .
Custom Segmentation and Retinal Vascular Contribution
The custom segmentation program consistently measured a larger RNFL thickness for both Spectralis (11.4 ± 3.7 µm) and Cirrus (18.8 ± 3.5 µm) scans, compared to the instrument algorithms. In addition, these custom measures were significantly different (p < 0.01) for most quadrants and sectors for both instruments. However, the agreement for RNFL thickness measures, as determined by ICC and paired t-test, comparing custom segmentation to the instrument algorithm, was better for Spectralis scans (Table 3) . Overall, the agreement between instruments improved with custom segmentation. For the Bland-Altman plot, the standard deviation were; 1) less than with the instrument algorithm, 2) less than half the standard deviation for the range of thicknesses for each measure. Good agreement for RNFL measures were also indicated by ICC and t-test statistics. For global RNFL thickness, the mean difference was 0.1±3.1 µm, ICC = 0.92, p = 0.59 (Table 5 ).
The major retinal vasculature accounted for ~11% (11.8±1.5% Cirrus, 11.3±1.6% Spectralis) of the global RNFL thickness (Table 4) . Superior and inferior quadrants had the greatest major retinal vascular contribution with the temporal quadrant having the least (Table 4) . Differences for major retinal vascular contribution was insignificant for the segmentations from the two instruments (p > 0.05, β < 0.18 for all quadrants). Although there was very good agreement in vascular contribution, the vascular location in the registered B-scans were not always identical. In addition, some small vessels were clearly visible in one B-scan, but not the other, as illustrated in figure 7.
Ocular Biometry and RNFL Area
For the healthy eyes included in this study, axial lengths ranged from 22.3 mm to 27.9 mm, and were normally distributed with a mean of 24.7 ± 1.32 mm. The global RNFL thickness, as determined by the instrument algorithm, decreased with increase in axial length, with a slope of −3.1 µm/mm for the Spectralis (p < 0.01), and −3.1 µm/mm for the Cirrus (p < 0.01) (Fig. 8) . Although thickness measures between instruments were significantly different, the slope of the function was not (p = 0.95). Similarly, for the custom segmentation data, the slope of RNFL thickness vs. axial length was −3.0 µm/mm (p < 0.01, R 2 = 0.24, Fig 8B) .
A significant relationship between axial length and ocular magnification ratio, as determined using the registered fundus images, would indicate differences in the optics of the two imaging devices (R 2 = 0.41, p < 0.01, Fig 8C) . For the majority of the scans, the region of the retina scanned per degree of scan angle was smaller for Spectralis images, and was similar for only significantly longer eyes. However, this difference did not alter the location of the scan paths significantly, as illustrated by the similarity in RNFL thickness at all axial lengths using the custom segmentation (Fig 8B) .
The thinner RNFL measures for longer axial lengths should not reflect on a difference in retinal ganglion cell axonal content, but rather illustrates changes in RNFL thickness and density associated with distance from the optic nerve rim margin. 42, 62, 63 However, the cross sectional area of the RNFL should be independent of scan distance from the optic nerve head rim margin within the peripapillary region were a low density of ganglion cells are present. 64 RNFL area measures were computed by multiplying the scan circumference, as determined using the computed transverse scaling, and the global RNFL thickness. 29, 40 The RNFL area was not related to axial length (Spectralis: p = 0.69, Cirrus: p = 0.66) and was similar for the two instrument (Fig 8D) .
DISCUSSION
High resolution imaging of retinal structure has become standard in clinical care and several technologies, including scanning laser polarimetry, confocal scanning laser ophthalmoscopy, and optical coherence tomography (OCT) are available to image and measure structures of the posterior segment of the eye. However, only OCT provides cross section images of the retina to visualize and quantify the individual retinal layers. Recent advances in this technology, spectral domain optical coherence tomography (SD-OCT), enable imaging of the eye at high speeds with axial resolutions down to 5 µm.
Although there are several clinical SD-OCT instruments which all use similar technology and capture comparable images, clinical studies have shown that the thickness measures of retinal structures are significantly different between instruments. 21, 26, 28, 65 In studies comparing RNFL thickness measures from the Spectralis SD-OCT and Cirrus HD-OCT, although measures from both instruments were repeatable, a significant difference was reported between instruments. 21 Similar to the present study, a linear relationship was reported for the agreement for the nasal quadrant (slope = 0.70). 21 The principal finding of present investigation is that the underlying sources for the differences in measurements are related to software applications for image segmentation and data analysis procedures, rather than in the data acquisition. Therefore, to detect changes, such as progressive glaucomatous neuropathy, either an identical instrument would need to be used for follow-up, or the raw data would need to be analyzed by algorithms that include ocular biometry and identical image segmentation across instruments.
The present investigation was based on the agreement in retinal nerve fiber layer thickness between two specific SD-OCT instruments, i.e., the Cirrus HD-OCT (Carl Zeiss Meditec Inc, Dublin, CA), and Spectralis HRA+OCT (Heidelberg Engineering, Heidelberg, Germany). The selection of the two SD-OCT systems was rooted in the different scanning protocols used to acquire the standard circular B-scan used for RNFL quantification. While the Spectralis uses a circular scan path, which the user centers on the optic nerve, the Cirrus interpolates the scan from a 200×200 A-scan cube centered on the optic nerve. In addition, the Spectralis allows for real time eye tracking and averaging of B-scans to increase the signal to noise ratio. Thus, while the specific results apply to these clinical instruments, the overall results should be generalized to other SD-OCT instruments.
In agreement with previous studies 21, 26, 65, 66 it was shown that for eyes with no history of optic neuropathy, there were significant differences in the RNFL thickness measures between the Spectralis and Cirrus SD-OCT systems, using the instrument-based analysis. The 95 % agreement for global thickness was better than that for average quadrant thickness measurements using the instrument image analysis algorithm (Fig 5) . However, the limits of agreement for global thickness measures (−2.5-16.0 µm) had a range half that of the total range of thickness measures for either instrument (37.8 µm Cirrus, 33.3 µm Spectralis). In addition, the difference in thickness measures for the nasal quadrant was related to the average thickness measures of the two instruments. However, the mean difference in thickness measures for the global and quadrant thickness was different from previously reported results 26, 65, 66 . The differences could be a reflection on differences in subjects or in the instrument software versions. Whereas previous studies have investigated normal and glaucoma subjects, only healthy eyes were included in the present study. In addition, both instruments have undergone several software upgrades from the previous studies. However, the more important sources of discrepancy in thickness measures were scan alignment, ocular magnification, and segmentation. The influence of scan alignment and centration has been investigated using both time domain and spectral domain OCT systems. 16, 28, 55 The general finding of these studies is that a misalignment of the scan, in either the horizontal and vertical direction has a significant impact on both the shape of the TSNIT thickness plots and global RNFL thickness measures. A similar pattern, with up to 14 µm of global RNFL thickness change, was noted when the center of the RNFL scan was displaced for the Cirrus data (Fig. 1) . However, centering the Cirrus scan to match that of the Spectralis, had only a small increase in agreement of global RNFL thickness ( Table 2 ).
The relatively small improvement in agreement between instruments with only adjustment for scan centration can be explained by differences in torsional eye position during scanning movements of the eyes. Specifically, although a head tilt does not change global thickness, it has a significant effect on the shape of the TSNIT plot. 67 This redistribution of thickness along the TSNIT plot results in significant differences in both sector and quadrant thicknesses and associated changes in the thickness distribution with respect to normative data. By taking into account torsional eye alignment differences, and their influence on the scan path, there were substantial improvements in the agreement of quadrant thickness measures for the two instruments (Table 2) , although, the thickness measures from the two instruments were still significantly different. Although referencing RNFL scans to the center of the optic nerve and the internal fixation target, as is done with Spectralis RNFL scans, improves alignment, detection of these landmarks using anatomical features may be useful in individuals with poor fixation.
It is logical that although there can be slight differences in the characteristics of the various OCT instruments, the images from these systems should be similar, with comparable RNFL thickness. 68, 69 This result was demonstrated by the significant improvement in instrument agreement for RNFL thicknesses with B-scans that were registered, aligned to the fovea, and analyzed by the same segmentation protocol (Fig 6, Table 5 ). The Bland-Altman plots illustrated a smaller standard deviation for all quadrants, compared to instrument analysis. The largest standard deviation was in the nasal quadrant, which also had the greatest improvement in thickness agreement, and had the largest number of segmentation errors requiring manual correction. The failure of the program to accurately segment this region is probably due to the reduced signal in the nasal quadrant that is attributable to the characteristics of the optical scan angle. 70 Overall, the custom segmentation results in larger RNFL thickness measures compared to either instrument algorithm. This increased thickness can be attributed to the method by which the algorithm dealt with retinal vasculature. Whereas most instrument algorithm tend to 'skip' across retinal vessels, the custom algorithm outlines each vessel that contributes to the RNFL, and has no smoothing artifact (Fig. 4&7) . Hence, agreement between custom and instrument segmentation was greatest for the temporal quadrant which also had the smallest contribution from major retinal vasculature.
For an accurate assessment of the axonal content within the RNFL, the non-neuronal content within the layers should be excluded. Although glial tissue cannot be visualized using current technology, the major retinal vasculature cast shadows within the B-scan, and can be accounted for (Mardin, CY, et al. IOVS 2009;50,ARVO E-abstract 3333). 45 After the SD-OCT scans had been rescaled to a 1:1 aspect ratio, the custom algorithm allowed the user to manually select the center of each vessel identified, and subtract the vessel area from the scan image. 29 Using this technique, major retinal vasculature contribution to RNFL thickness in healthy eyes was ~11%, and similar for the two instruments (Table 2) . These measures were in agreement with those reported by Mardin, et al. (11%), but are slightly less than reported by Hood et al. (13%) . 45 The vascular contribution is actually larger than that reported in this study, because there were instances where vessels were noted in the Bscan of one instrument but not in the other (Fig 7) , and small vessels and capillaries cannot be visualized and excluded. 71, 72 An additional factor that is necessary to consider when analyzing the RNFL thickness is ocular biometry. Specifically, the thickness of the RNFL measured using the traditional 12 degree circular scan is a function of axial length. 29, 30, 63 This relationship with axial length was similar for both instrument-and custom-segmentation for both systems (Fig 8) , which is a direct reflection of the projection of the scan path in relationship to the optic nerve rim margin for different sized eyes. Although the RNFL thickness decreases as the scan path increases in distance from the rim margin, the thickness change is related to retinal ganglion cell axon density rather than the number of axons within the region. 29, 63, 64 It is then logical that the area of the RNFL within the scanned region, which reflects the axonal content, is poorly correlated with axial length (Fig 8) . Similarly, an alternative method to compensate for thickness changes with scan distance from the nerve is to rescale RNFL thickness measures using axial length as illustrated by Kang, et al. 31 Both RNFL area and rescaling of RNFL thickness computations require consideration of the optics of the eye and instrument being used. 50, 51, 73, 74 Although biometry of the eye is measured efficiently and accurately using non-contact low coherence reflectometry, the optical properties of scanning laser devices are proprietary, and usually unknown to the clinician or researcher. The influence of instrument optics on ocular magnification can be investigated for the same eye imaged using both instruments with image registration (Fig 2) . Using these methods, a significant difference in ocular magnification, related to axial length was noted for the Cirrus and Spectralis SD-OCT systems (Fig 8C) . However, these differences were not large enough to cause any appreciable divergence in the scan path, as noted by the similarity in thickness and area measures for varying axial lengths (Fig 8) .
In conclusion, the results of these investigations have demonstrated the utility of methods for comparing measurements of retinal morphology across SD-OCT instruments. Specifically, images captured using two different SD-OCT instruments (Cirrus and Spectralis) were shown to be similar when similar image processing methods were used. The apparent differences in RNFL thickness with the embedded instrument algorithms, previously reported in the literature and confirmed by the present study, are explained by differences in scan path and segmentation methodologies. Thus, the results demonstrate the importance of considering both scan centration, and differences in torsional eye position when comparing quadrant thickness measures between instruments. In addition, with application of a common methodology for transverse magnification and segmentation of the retinal layers the RNFL thickness measures, with and without compensation for major retinal vessels, will be comparable between instruments. Finally, by incorporating ocular biometry, the scaled measures of RNFL area are independent of axial length. The effect of scan misalignment on the measurement of RNFL thickness. The contour map represents the average change in RNFL thickness for 54 eyes, all referenced to the right eye and the center of the optic nerve. Global RNFL thickness can vary by 14.8 ± 5.3 µm within 1 mm of the center of the scan, median = 14.6 µm, range = 5.7 µm -29.0 µm. A color version of this figure is available online at www.optvissci.com. Procedures to correct the SD-OCT images for torsional eye movements by identifying a reference line connecting the center of the ONH to the center of the fovea pit. A. First locations of the opening of the neural canal (NCO) were identified on 12 radial B-scans through the optic nerve and were transferred onto the infrared scanning laser ophthalmoscope (SLO) image, and fit with an ellipse. B. Second, the center of the fovea pit was identified in the retina thickness map as the region with the thinnest retina (darkest blue color) and geometric center of the pit was identified from the geometric center of a series of iso-thickness circles best fit to the pit thickness at varying heights. C. An example of the registered foveal and optic nerve SLO images illustrating the line through the NCO and foveal pit center that was used as reference for torsional alignment of the retinal images. A color version of this figure is available online at www.optvissci.com. The limits of agreement between RNFL thickness by Spectralis and Cirrus SD-OCT instruments, using the manufacturer's thickness algorithms. A. The Bland-Altman plot for the agreement between global thickness measurements. B. Thickness measures from the two instruments and their deviation from the 1:1 line. C-E. Bland-Altman plots to illustrate the limits of agreement for each quadrant, demonstrating that the relationship between the thickness difference and average thickness is not statistically significant, except the nasal quadrant (E, slope = 0.51, intercept = −27.19, R 2 = 0.34, p < 0.01). The limits of agreement between RNFL thickness by Spectralis and Cirrus SD-OCT instruments, using custom algorithms for scaling, rotation, registration, and segmentation, but without vessel compensation. Other details are as Fig. 5 . The Bland-Altman analysis for RNFL thickness via custom image analysis demonstrates well correlated measurements and high ICCs for all quadrants with no statistical relationship between the thickness difference and average thickness. E. For the nasal quadrant, the difference in thickness measures between instruments did not have a systematic trend (slope = 0.02, intercept = −1.9, R 2 < 0.01, p = 0.75). Examples of TSNIT functions for Spectralis and Cirrus SD-OCT after incorporating vessel identification and compensation in the B-scans, and with identical scan paths from the two instruments. The B-scans for the Spectralis (A) and Cirrus (B) are presented with white vertical dashed lines illustrating the location of some of the major retinal vessels in the two images. Although the vessels localized well, there were some small misalignments. Overall, a similar number of vessels were identified in both B-scans, but with some smaller vessels being missing in one or the other B-scans occasionally, as illustrated by the orange box in A. The TSNIT plots for both Spectralis (C) and Cirrus (D) instruments show dips at similar locations and nearly equal global thicknesses after compensation for the major retinal vasculature. A color version of this figure is available online at www.optvissci.com. Relationships between RNFL measurement parameters and axial length using Spectralis and Cirrus SD-OCT instruments. A. The relationship between RNFL thickness and axial length was significant for both instruments, with similar slopes for linear regression, but with an approximately constant difference between instruments across the range of axial lengths. B. With custom segmentation, the relationship between thickness and axial length was not significantly different for the two instruments. C. The relationships between the ocular magnification ratio and axial length were significantly different between the two instruments. D. The differences in ocular magnification did not have a significant influence on the RNFL area computations and the RNFL area was not statistically related to axial length. Table 1 Instrument algorithm RNFL thickness measures for quadrant and clock hours for Cirrus and Spectralis SD-OCT. Along with the paired t-test statistic, the intraclass correlation coefficient (ICC) with 95% confidence intervals provides a measure of agreement for the two segmentation algorithms. Custom algorithm RNFL thickness measures for quadrant and clock hours for Cirrus and Spectralis SD-OCT. Along with the paired t-test statistic, the intraclass correlation coefficient (ICC) with 95% confidence intervals provides a measure of agreement for the two segmentation algorithms. Thickness measures are before compensation for major retinal vasculature. 
